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ABSTRACT

Data are preseunted on interference forces result-
ing wh2n a gas at arbient temperature is laterally in-
jected thiough a single circular orifice in the conical
portion of a rocket nozzle into hot supersonic propellent
gases. Variables examined are (a) injectant orifice size
and assoclated pressure ratio change and (b) efiect of
injectant molecular weight and specific heat ratio.

Other parameter:s remain essentially consiant during these
tests. It is shown that simple theoretical arguments

cxu predict relative 2ffects of intrinsic injectant
properties, but that preassure ratio effects are not ade-
quately described. It is alsc shown that effectiveness
of secondary inj:ction depends on injectant orifice size,
which has not been treated in any theoretical models.
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SECONDARY GAS INJECTION is A CONICAL ROCKET NOZZLE
I. Effect of Orifice Diameter and Molecular

Weighc of Injectant1

I. SUMEARY AND CONCLUSIONS

This report is the first in a series dealing with an
experimental study of thrust vector control using gaseous
secondary injection. For this study. i.e main propellant
was a hot gas (catalytically deccaposed H202); a variety of
gases (602, N2, Ar, 0.8 He + 0.2 Ar, He, and Hz) at ambient
temperature was used as the injectant. A conical convergent-
conical divergent exhaust nozzle was used. with injection
normal to the nozzle axis at a fixed voint in the divergent
portion of the nozzle.

A variety of circular orifi:s diamei~rs (0.180, 0.125,
0.089, 0.0625, and 0.04 inches) wias examined. The side force
developed by secondary injection was reasurcd directly with
a force transducer; the data are reported as specific im-
pulse ratio or "amplification factor" obtained by dividing
the measured effective specific impulse of the injectant by
the specific impulse of the injectant for sonic flow into
a vacuum.

As the orifice diameter was varied (with CO2 in-
jectant), low-pressure injection was critically examined.
The results showcd that for a particular orifice size the

lThis work was sponsor2d by the Special Projects Office,
Burcau of Naval Weapons.
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amplification factor has a maximum at or near the transition
from sonic to subsonic injection. Performance does not in-
crease indefinitely for decreasing pressure ratio across

the orifice, as might be construed from simple linear super-
sonic flow theory. Significant effects of orifice size on
the specific impulse ratio were observed: For a fixed
pressure ratio across the orifice, performance increases with
decreasing orifice size.

Subsonic injection data aided in estimatiig the
strength of the shock wave induced in the supersonic flow.
These data have shown indirectly that shock wave strength
increases to a limiting value close to that required for
shock wave-turbulent boundary layer separation.

Performance of several inert gas injectants with
differing molecular weights and specific heat ratios corre-
lated well with a parameter suggested by linear supersonic
flow theory. One potentially reactive injectant (Bz) was
used; its data correlated well with the imert gas data and
suggest that essentially no reaction occurred in the nozzle
between the injectant and propellant.

Additional experiments designed to measure the effects
of other parameters (such as injectant temperature, motor
temperature and pressure, and injection and nozzle geometry)
are desirable to establish appropriate theoretical avenues.
Some of these experiments are presently in progress at this
Laboratory.
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II. BACKGROUND

Recent advances in solid rocket propellant technology
resulting in higher flame temperatures and multiphase flow
have increased the desirability of thrust vector control
methods that do not require exposing moving material parts
to propellant exhaust products. For this reason, other
methods of deflecting the supersonic nozzle flow are being
examined, Secondary injection is one method that has received
considerahle attention. This technigue utilizes the forces
developed on the wall of the diveigent portion of the rocket
exhaust nozzle by lateral injection of a fluid (gas or liguid)
into the supersonic propellsnt gawes. In addition to the
usual jet reaction, local high pressures associated with an
induced shock wave "amplify'" the jet reaction. The first
experiments on secondary injection were reported by Hausmann
(1)2 and demonstrated that the shotkeinduced reaction asso-
ciated with an air jet directed into supersonic air (both
gases at ambient temperature) could for certain conditions
be as large as the jet reaction. The nature of this shock-
induced reaction and how it depends upon the mainstream and
injectant properties has since been the subject of considerable
study, mostly experimental. Several experiments have been
reported for jet-interference phenomena on simple aerodynamic
surfacus (2-6), on the external surfaces of simple missile
configurations (7-9), and on the internal surfaces of rocket
nozzles (secondary injection) (10-18). Most uf these reports

‘Numbers in parentheses indicate references at end of paper,
References are listed on pages 41, 42, and 438,
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deal with ambient temperature air-air interaction. Becausa

of the complexity of the problem, analytical descriptions

have been quite limited. For gas injection, two qualitatively-
correct basic descriptions have been useful (8, 17-19), but
refinements are desirable.

This report presents the results of experiments pers~
formed at this Laboratory on secondary gas injection into
hot supersonic propellant flow in a small rocket motor.
Data on the effects of injectant gas properties and injectant
orifice size have been obtained; motor operating conditions,
nozzle geometry, and injectant location have been kept fixed,
Future experiments involving temperature effects, nozzle

geometry, point of injection, and mainstream properties are
planned,
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I11. DESCRIPTION OF EXPERIMENTAL APPARATUS
AND TESTING PROCEDURE

Apparatus

The data presented in this report were obtained with
a =mall research rocket motor and nozzle, sketched in Fig. 1.
The working fiuid wam provided by catalytic decomposition of
90 per cent hydrogen peroxide liquid3 at a nominal motor
chamber pressure of 400 psia. The products of decomposition
were 29,2 per cent mole fraction of oxygen and 70,8 per cent
mole fraction of water vapor, with a specific heat ratio of
1.266 (20). Average propellant exhaust tcmperature, measured
with an uncalibrated iron-constantan thermocouple, was 1845°R
(Rankine), with a maximum spread of 1830-1865°R. This tempera-
ture is slightly higher than the theoret.cal adiabatic de-
composition temperature, 1825°R (20).

Some motor, nozzle, and injectant properties are listed
in Table 1. Attempts to measure the liquid propellant flow
rate ¥ were unsuccessful. IiL was therefore necessary to
rely upon motor chamber pressure P and temperature T (=1845°R),
geometrical area of the nozzle throat Ay (=0.196 in? ), and
isentropic flow relations to compute propellant flow rate,
theoretically, ¥ = 0,00280 P_ where ¥ is in 1b/sec and P, is
in psia.

The average thrust coefficient CF for motor chamber
pressurc of about 400 psia has been found experimentally to
be 1.42, which is somewhat below the theoretical value of 1.46

JSupplted by Becco Chemical Division, Food Machinery and
Chemical Corporation,




PR

The Jehns Hephing Unlvetsity
APPLIED PRYSIOS LABSRATORY
Siiver Spring, Marylond

(based upon conical isentropic nozzle flow and area ratio
for Po = 400 psia, and an atmospheric pressure of 14.7 psia).
Axial thrust ¥ for these experiments can be closely computed

from F = CFAtPo ~ 0.278 Pb, with F in 1b and Po in psia,

Injectant gases were obtained from standard compressed
gas coatainers, A maximum injectant pressure of about 500
psia was used for carbon dioxide and about 1000 psia for the
other gases; injectant gas temperature was ambient, nominally
70°P. The injectant gas flow rate was metezed thiough a
standard ASME sharp-edged orifice flowmeter calibrated with
CO2 by timed discharge into a calibrated volume. Molecular
wejght and compressibility corrections were made in the usual
manner when other injectant gases were used. Bvaluation of
the discharge coefficient of the injectant orifice in the
nozzle wall by using a combination of this metered flow rate
ﬁj, measured jet total pressure pof total temperature Toj

geametric orifice area Aj(="d 2/4), and isentropic flow re-
lations provided a compatibility check for several measured
parameters.

Pigure 2 ghows the general setup of thc apparatus.
The motor is mounted on the periphery of and in line with the
axis of a drum, the axle of which is mounted in antifriction
bearings that permit simultaneous rotation and axial motion,
The drum floats in water to reduce bearing load. Force trans-~
ducers measure axial motor thrust and turning moment developed
by secondary injection or by motur trim misalignment. Pro-
pellant and injectant go to the nozzle through relatively
long rigid lines which by test were found to introduce tixed

4Carbon dioxide for these experiments was supplied by Pure
Carbonic Company. All other gases weie supplied by Southern
Oxygen Company.
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spring constants superimposed on the clastic constants of the
force transducers, Transducer calibrations are obtained after
or during each day of operation with the transducers in place.

Most pressure measurements were made with a variety of
electrical pressure transducrrs which had been periodically
calibrated with bourdon element test gauges. The gauges had
in turn been calibrated against a standard dead weight tester.
Where possible, all transducers were excited from a common
monitored supply voltage, and observed variations in excita-
tion voltage were included in the data analysis, Temperature
measurements were made with uncalibrated iron-constantan
thermocouples. Approximecely attenuated transducer and thermo-
couple outputs were recorded on four 0-1 mv. 1Q-inch Westronix
strip-chart recorders either continuously or through & dual
6-point data sampler which permits more tham one bit of in-
formation per recorder channel,

Testing Procedure

Because there had been some transients, the following
operating sequence was adopted:

(1) One complete data sampling sequence (=12 sec),
without propellant or injectant flow, to establish transducer
and recorder zeros. No special effort was made to preadjust
transducer outputs to zero.

(2) Propellant-on--injectant-off sequence to deter-
mine thrust misalignment (motor trim).

(3) Propellant-on--injectant-on to measure secondary
injection etfects.

-7 =
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(4) Repeat of (2.) to determine trim chuuge, if any.

(5)
if any.
This procedure permits all bits of information to be

extrapolated and evaluated at a common time.

Repeat of (1) to determine transducer zero 3hift,
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IV. EXPERIMENTAL RESULTS

Data were obtained on the separate effects of

(1) injectant orifice size, and

(2) the effect of injectant gas type.

Only injection normal to the nozzle axis was examined.
The motor chamber pressure was kept at the experimental maxi-
mum value of about 400 psia. The propellent gases had a stag-
nation temperature close to 1845°R,

The injectant port, a single circular orifice, was
located at the point in the conical expansion nozzle where
the Mach number, "l’ was 2.34. This Mach number was deter-
mined both by the experimentally measured pressure ratio
PI/PO = 0.0730 and the geometrical area ratio Al/At = 2.597.
The static pressure of the undisturbed supersonic flow at the
injection point was nomipally 30 psia. The exit Mach number
of the noszzle I3 was computed from the goometrical area
ratio A3/At to be 2.83, The exhaust gases were slightly
overexpanded at the nozzle exit, Ph = 12,8 psia, No attempt
was made to reduce P; in order to examine secondary-injection-
induced separation effects,

In the study ot the effects of orifice size, carbaon
dioxide at ambient temperature (nominally 70°®) was selecte!d
as the injectant and the orifice diameter dJ was varied from
0.0625 to 0.180 tnches. Changes in the orifice size were
accomplished by simply 'drilling out" the just-tested orifice.
This practice gives a kind of thick, square-edged orifice
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whose discharge coefficient can be expected to depend strongly
on Reynoids number and pressure ratio across the orifice. The
variation in this pressure ratio poj/Pl brought about by
varying the jet mass fiow was sufficjent to give both subsonic
and sonic flow through the orifice (1.4 <poj/’1<12)' In retro-
spect, carbon dioxide was a poor choice for a working gas since,
at the pressures and temperatures involved, significant com-
pressibility elfects were encountered. (Por example, at 500
psia and 70°T" the compresmibility factor for carbon dioxide

is 0.79 and represents 3 considerable and measurabie departure
from ideal gas behavior). Compressibility effects were taken
into accouns when evaluating the orifice discharge : cefficient
by using a l:inearized treatment given oy Eggers (g1; for a
calorically perfect but thermally imperfect gas. Separata
experinents were performzd to establish the validity »f using
this linearized analysis. No other compressibility effect
correc*ions were made to the data.

A detailed listing of the experinental data is provided
in Table XI. A summary plot of the data pertaining to effect
of oxrifice smaze is provided in Pig. 3, where the normalized
sp:erfic impulse l./l.. and sonic discharge coefficient T

are plctted as a function of jet pressure ratio poj/’L'

The effective specific impulse IS is obtained by
dividing the f?rce no:mal to the motor axis !~ by tle n.ezsured
Jet mams flow 'J' ls is the specific impulse of‘a sonic jet
of the injectant exhausting into a vacuum. Is/In , cherefore,
represents an amplification factor for secondary injection.

The sonic discharge coefficient CD is obtained by
dividing the measureua jet mass flow by a theoretical value
based upon sonic isentropic flow, the geometrical area of the
orifice, and measured values of ng and Toj'

‘The breaking

- 10 -
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away of CD from a constani value near unity is interpreted

to be a traasition from sonic to subsonic injection. As seen
in Fig. 3, the knee of the CD curve occurs at a value of
poj/PI larger than tlé¢ critical pressure ratio for jet flow
without supersonic cr 'ssilow interference. This results from
higher effective back pressures brought aboui by the induced
shock wave. Note also that the IS/IS* curve tends to peak

at or near this transiticn point and does not exhibit a mono-
tonically increasing tehavior for a decreasing poj/pl’ as

might be inferred from simple theory discussed later,

Finally, the ~trong dependc.:ce of secondary injection
effectiveness upor srifice size shculd be recognized. The
variation in dJ examined here exceeds that studied by others
ana the consequence of varying dj has not been pointed out

before.

Several gases have been used to investigate the effects
of imjectant molecular weightJQJ and epecific heat ratio \J;
the gases used are listed in Table III, All of these injec-
tants are inert with the exception of Hz which, in principle,
could react with the hot 02-320 propellant exhaust products.
As will be seen later, there was no evidence of combustion.
The observed failure to ignite may be attributed to th: low
exhaust temperature, which presumably is inadequate to support
supersonic combuotion (22). The detailed data are imcluded
in Table II and a summary plot is given in Fig. 4. Anmbient
temperature injection througn a 0.0625-inch diameter orifice
has been used throughout. For reasons to be presented later,
a modified correlating parameter, (1 + Yj)ls/ls‘, has been
used in Fig. 4 where, with the exception of the argon data,
quite a good correlation has been provided. 8o far, all
attempts to locate errors im the argon results have been futaile.

- 11 -
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The veason, if any, for tliis disparity huas not been reconciled.
Characteristics associated with subsonic and sonic injection
are similar to the data presented in Fig. 3.

A series of experiments was undertaken to determine
the gain in axial motor thrust as a result of secondary in-
jection. Ambient temperature injection of CO2 through a
0.180.inch~diameter orifice was used. The axial thrust change,
AF, was measured as a function of ﬁ and FN' The ratio
AF/ZFNtan a)was’computed and found to be 1.30%+0,09, which was
independent ot Wj within the accuracy of the experiment.
Since the pressure rise associated with secondary injection is
distributed about the circumference of the nozzle and FN is
the integrated force component in the plane containing the
orifice and nozzle centerlines, a value of AF/(FNtan a)larger
than unity (flat plate value) is to be expected.

-12 -
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V. THEORETICAL FOUNDATION

The foundation for the series of tests reported here
is a modified theoretical model given by Vinson, Amick, and
Liepman (8). This model has been found (in general) to be in
qualitative agreement with the bulk of experimental data.
Because of its simplicity and flexibility it served as a guide
in selecting experimental parameters., This two-dimensional
"weak' jet model assumes that the injected gases expand
isentropically and without mixing to form a step-like obstacle
to the supersonic flow, An oblique shock wave which causes
flow separation followed by a Prandtl-Meyer expansion is intro~
duced to pr-~vide proper flow deflection of the mainstream.
(Fig. 5.)

The net force acting upon the wall as a result of the
injected gases for this model can be simply computed from
linearized supersonic flow theory (which should be valid if
mainstream deflections are not too large) providing one inte-
grates along the control surface indicated in Fig. 5.
ing to linearized supersonic flow theory (23), thc pressure
2(P -P) /P M, 2

Accord-

coefficient CP - is given as

2 (%3‘%) (1)
M, -y Y ger
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where (dy/dx)str is the slope of the streamline, Integration
along the streamline that divides the injectant and mainstream
gives for the total force normal to the mainstream flow direc-
tion (per unit width)

+ P YM %y,
Fy - (P )y ox = A=l (2)
-1

- M,

where y, is the asymptotic displacement of the streamline from
the wall necessary to accommodate the injected gases.

The result given by Eq. (2) has been used by Vinson,
et al (8) to compute the induced reaction which is then
added to the jet reaction to obtain the total interference
force. Such a procedure may be approximately correct for
orifices located near the trailing edge or the body, but within
the restrictions of the linear theory Eq. (2) alone will give
the total reaction for a body of infinite length.

For a finite-sized orifice, a pseudo two-dimensional
analysis would give

i 2,02 111/2
Fy = P AYM S/ -1) (3)

where A, 1s now the asymptotic area through which the injec-
tant passes after being expanded to Pl. Isentropic expansion

- 14 -
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was assumed by Vinson, et al. The P.A_ product can be related
®

17
to the injectant flow rate of WJ by

O .
)1/2/mj o) (4)

PiA, = W, (T, jo

1’ J J

where 'l‘oJ is the stagnation temperature of the injectant and

o
m (IJ,) is the mass flow function defined as

/ i 1/2

o Y. A Y. 2
my () = M, L (1 + -l uy, (5)

where/{J is the injectant molecular weight and R is the
universal gas constant.

Substituting Eq. (4) into Eq. (3) gives for the «ffecu-
tive specific impulse of the injectant

F T YM

N 0J 1
1 - - : (6)
s ¥ R ot

If we normalize Eq. (6) b dividing by the specific
impulse of the varuum cxhausted sonic jet of the injectant,

* 1/2 ,0
Is = (1 4 YJ)(Toj) /mj(l). (7)

- 15 -
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we obtain

(1 + Yj)

Although Eq.

o} o 2
s mj(l) \Ml -
* o 2 1
L mj(lj,) o= -1)
(8)
1/2
2
L [ 1+ v,
= 2 _41/2 l 2 " 2,
(u,% -1) Mo [?+(YJ. 1)uj, ]

(8) cannot be expected to apply in detail to the

experiments in question, some general or qualitative interpre-

tations can be deduced that will aid in analyzing or correlat-

ing the data and in making

predictions as to secondary in-

Some of these features are:

jection performauce.

(L

(2)

As long as one assumes an adiabatic process
for the i1njected gases, the parameter

* - 3
(1 + YJ.)IS/Is is independent of;ﬁﬁj and Toj
and essentially independent of Y-

~

Within the restrictions of the linear theory,
the extent of boundary layer separa*ion does
not affect the magnitude ot the interference
force resulting from secondary injection.
However, tne pressure rise associated with the
induced shock (which by postulate gives rise to
the separated flow) can be expected to influence
the thermodynamic process of the injected gases,

i.e the extent of total pressure loss (if any)

- 16 -
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(3)

4)

as a result of poasible shock formation in the
Jjot gases,

The mainstream values for Y and (more signifi-
cantly) "1 appear in Eq. (8) and can bhe expected
to influence secondary injection performance,
whereas the molecular weight./i and temperature
To of the mainatream do not appear to be signifi-
cant parametera,

The pressure ratio POJ/P1 Will determine M,

for any given mainsiream conditions; however,
MJ. cannct be calculated a priori since the
thermodynamic process of the jet gases can he
expected to depend upon the separated flow
conditions, iince MJ. will begome &mall aw
POJ/P1 approaches unity, Iﬁ/!,i should Increase

with decreasming POJ/P1 and, in fact, will dlverge

at M., = 0,

J

Because of the meveral vestrictions on this theory, it
cannot be used directly for the analysis of secondary gas ine
Jection in rocket nozzle flows, The qualitative argumuntw
presented abhove nevertheleas can wmtill be expected to he valid

- 17 -
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VI. DISCUSSION OF THE DATA

The data presented in Fig. 3 on the effect of injectant
orifice diameter were taken in order to examine the theoretical
postulate that the effectiveness of secondary injection should
increase as the Po /P1 ratio is decreased, This diverging
characteristic has been observed in a number of experiments
reported by others, but the low pressu.e rutio extremes have
not been critically examined. The sonic injection data pre=-
santed in Fig, 3 show the characteristic docline that has also
becn ohserved by others in secondary injection performance for
increasing POJ/P1 ratios.

However, this trend does not prevail for subsonic in-
Jection; it has been observed that as the jot becomes subsonic
(am indicated by the knee in the dismc’ rge caefficient curvo)
performance tends to decreare slightl, with docroasing P j
The most efficient performance is achieved at or noar the
transition from sonic to subsonic injectlon. This bohavior
is not unique to this experiment (18). Tt ims worthwhile to
point out that this transition prossure ratio (poJ/Pl)tr
compatible with an effective jot back pressure that will give
combined " just-choked" jet tlow and turbulent houndary layer
soparation of the mainstream ahoad of the port, The prossure’
rise to give turbulent boundary layer separation for M1 v 2.4
air im approximately (92/91)” op 2.2 (24), 1If ono assumos
that the static prossure at the jet oritico PJ in approxi-
matoly equal! to thoe pressure in the separated region Pz, thoa

(P,./P))

o "17tr n (P /P) (P, /pl)h\ql o (2,0)(2.2) 4.4

which is in reumonable agreement with Fig. 3.
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Additional information on the pressurc rise assoclated
with the induced shock wave can be obtained from the subsonic
injection data in the following manner: If one amsumes one-
dimensional isentropic flow for the jet gases and » discharge
coefficient equal to its asymptotic value at large Poj/pl’

the static pressure at the jet orifice P, can be evaluated
[ A
from the measured values of IJ. POJ, Toj’ and AJ. In addition,

we assume that PJ ~ Pb. The results of such calculations for

the subsonic CO, injection data uppear in Fig. 6. For POJ/P1

less than about 3, the pressure rise Pz/P1 increases almost

linearly with P'OJ/P1 (increasing jet flux)., For P'O’/P1 greater

than about 3, P2/P1 tonds to level off at approximately a
value required to give turbulent boundary layocr separation.
This would suggest that the induced oblique shock wave is
probably attached initially to the leading edgu or the orifice,
and its strength increases with increase in jot flux until

it reoaches a limiting pressure rise sufficient to givo separa-
tion. The shock then dotaches from the orifice lip and movos
upstream with increasing PoJ/pl' This interpretation is come-
patible with the theoretical model discussed abovo.

The theorcticul mcdel fails, howouver, Lo prosent ovoen
a qualitatively correct intorpretation of® the subsonic injoce
tion data for which it should be most applicable: f.o., it
does not prodict a decroasing Is/Is* for doecroasing PUJ/P1~

This characteristic has not beon demonstratod for any known
theoretical description,

In addition, tho strong influencoe that d’ has upon the
effectiveness of sccondary gas injection as shown by the data
in Fig. 3 had not bheen established in the roports of other

- 19 -
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experiments and was not anticipated, Theory has not been
developed to the point of including three-dimensional effects
and is of no help in interpreting theme data.

It is quite interesting, however, to replot the data
of Fig. 3 as 1./!."I versus ﬁj/ﬁ, which is essentially the

form frequently used by others to report secondary injection
data, Figure 7 is such a graph and shows that all sonic CO,
injection data correlates rather well, (The submonic injection
data do not correlate on this plot.) The reason for the corre-
lation is not clear since the independent variable Wj/ﬁ
suggests a kind of one-dimensional flow not physically plausibte
or consistent with restriction of the induced oblique-shock
pressure rise (approximately) to within the Mach cone emanat-
ing from the wall-jet perturbation. Nevertheless, a one-
dimensional model with assumed complete mixing of the injectant
gases with the supersonic flow has been given by Benham and
Green (25) to establish the relesant parameters for secondary
injection, Such an approach fails, however, to predict the
effect of variations in injectant molecular weight observed
experimentally in this study. It nust be concluded that the
effect ot d'j on secondary gas injection is not well under-
stood and a more comprehensive analytical model would be
welcomed,

With the correlation provided in Fig. 5, rolative
changes in Injectant molecular weight and specific heat ratio
appear predictable with Eq. (8). Because the H,,
data appear to correlate well witn other inert gas injection
data, 1t has been concluded that no combustivn takes place

between the H2 and the hot H20-02 exhaust gases. This con-

injection

clusion is consimtent with the rescarch of Chinitz and Gross
(22), who reported that combustion between H, and heated

- 20 -
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supersonic air does not occur below a critical stagnation

air temperature of about 2000°F, By inference, the relative
effect of changing injectant total temperature can also be
predicted, but additional data on this parameter would be
desirable, These conclusions unfortunately must be qualified
somewhat because of the nonconforming but apparently error-
free argon data.

Additional experiments designed to measure the effects
of other parameters (such as, Toj’ Ty M) Pl, and nozzle
geometry) are desirable in order to oatnblilh approprinte
theoretical evenues, Some of these experiments are presently
in progress at this Laboratory.
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Table I

Properties of research rocket motor, nossle, and injectants
used in secondary gas injection experimente

Injectant

Nozzle

Propellant
Exhaust gas compomition

Thrust coefficient, c,

Prewnurs, Po

Propellant flow ra‘), ]

Exbiust gas total temperature, To
8pecific heat ratio, Y

Ambient pressure

Gas

Injectant proasure, POJ

Injectant total temperatuve,

‘l‘°J
Injectant port diameter, dJ

(Conical, sharpeedged throat)

Divergent half angle, a

Throat diameter, d‘

Exit diameter, dB

Nozzle diamoter at injectant port,
4

Mach Number at injection planu, Ml
Exit Mach Numbeyr, Ma

v0% n,oa

{0.100 mole fraction n,o
0,292 mole fraction 0a
1,42
~ 400 1ba/ind
~ 0,84 lbs/nec
18458°R .
1,368
atmospheric

co,, Na.No, Noz+ Ar, Ar, and "2
40=1000 lbs/in

~70"?

0,08358, 0,089, 0,138, 0.180 in,

18 dogroes
0,801 inches
1,074 inches

0.812 inches

2.34
2,83
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Injectant = 002

Table 11

Socondary Gas Injection Data

Orifice Diameter, d

J

« 0,180 inches

P, Poy v Fy 1 Poy/Py 1,/1," ¢p°
psia psia lbs/sec, lbw, sec,

393 45.3 0,0088 0,52 86.2 1,87 1,90 0,188
s 82,3 0,00806 0,80 90,7 1.78 2,00 0,238
403 83.3 0.00A88 0.84 94.0 1.8) 2,08 0,327
410 89.0 0,0120 1.12 92,5 1,87 2.04 0,288
409 63.3 0,0143 1,39 83.2 2.12 2,08 0,331
404 66.7 0,0178 1,54 87.8 2.28 1.94 0,367
408 72,0 0, 0207 1.88 92.9 2,43 2,08 0,399
409 75.4 0,0230 2,13 92,6 2.50 2,04 0,428
497 81.1 0,0202 2.61 80,4 .73 1,97 0,802
406 80,7 0,r288 2,64 9.9 2,74 1,99 0,807
387 91.6 0,0423 3,78 88,2 3.18 1,88 0,648
408 102 0,0554 4.88 88.4 3.43 1,98 0,747
412 110 0. 0640 35,83 87.7 3,66 1.904 0,799
393 108 0, 0660 3,684 87.1 3.71 1.2 0,838
402 Lo 0, V8O 5,57 LK 3.1 1.84 0,880
403 131 0,0H898 7.398 84.53 4.48 1,87 0,913
113 138 0,0867 7.99 84.8 4,58 1.87 0,944
Jus 141 0,09881 8,13 84,1 4,86 1.88 0,943
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‘ujectant - CO2

Table I! = continuaed

Orifice Diameter, d

J

= 0,128 inches

P, a v ry 1t Pyy’Py /1" ¢y’
peia patin lbs/sec, 1bn, noc,

398 87.0 0.0086 0,82 92,6 2,28 2,04 0,381
397 78.0 0.0130 1.25 4.0 2.58 2,08 0,803
403 86.2 0,0188 1,83 96,3 2.92 2.13 0,638
404 87.8 0,0213 2,03 94.4 2.98 2.08 0,711
404 98,2 0,0256 2.47 95,7 3.28 2.11 0.778
412 108 0.0208 2,93 98.3 3.48 2.17 0,824
404 108 0,0307 3,02 97.2 3.83 2,18 0,833
407 120 0,.0379 3.79 100,86 4,01 2,22 0,902
404 142 1, 0482 4,47 97.6 4.82 2.18 0,928
408 168 0,0547 8,92 87.9 H,59 2,16 0,938
400 185 0,058 5.17 04,7 3.60 2,09 9,042
402 187 0,0822 5.85 93.8 6,36 2,07 0,951
403 202 0, 0083 6,32 H2.8 8.86 2,056 0,933
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Table I1 - continued
Injectant - CO, Oritice Diameter, dJ - 0.089 inches
. a b c
P, poJ w Fy I. l’oJ/l’1 l./l' %
psia psia lbs/sec, 1bs. sec,
408 1¢8 0.0316 3.27 103.6 8,37 2,29 0.911
402 201 0,0331 3.30 100,8 8.77 2.22 0.912
401 204 0,0438% 4.29 98.6 8,92 2,18 0,918
408 273 0,0438 4.33 98,38 9.2 2,18 0.892
420 326 0,0541 5,28 98,1 11,0 2.17 0,901
397 328 0,0839 5.10 94.6 11.2 2,09 0,905
402 336 0.0581 5,58 85,7 i2.1 2,11 0.898
401 358 0,06800 5,70 94,9 12,2 2.10 0,916
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Table II - continued

Injectant - 002 Orifice Diameter, dJ - 0,0825 inches

P, Py J ry 1Lt Poy/Py "™ gl
psia psin lba/sec. lbs. sec,

401 81.3 0,0087 0.64 107.5 2.98 2,37 0.756
401 102 0,0077 0,89 112,7 3,33 2,48 0,809
400 128 0,0098 1.11 110,9 4,20 2,45 0.903
398 189 0,0116 1.38 115,85 .23 2,38 0.845
401 178 0,0144 1.69 118,7 5.94 2.53 0.929
393 186 0.0132 1.60 118.6 6.23 2,61 0.831
395 211 0.0152 1.79 115.7 7.10 2.58 0.839
399 246 0,0186 2,13 114.3 R, 13 2,52 0.864
399 278 0,0223 2,51 111.9 8.24 2,47 0.923
389 309 0.0328 2,62 109,1 10.6 2.41 0,878
3986 354 0,0288 2,94 108,1 11.8 2,41 0,851
411 387 0,0329 3.63 111.3 12,7 2,48 0,933
400 388 0,0298 3,22 106,7 12,8 2,36 0,862
393 413 0,0316 3.23 102.4 13.8 2,28 0,443
400 464 0,035%6 3.69 102,7 15.4 2.27 0.836
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Table 11 « continued

Injectant - coz Orifice Diameter, d, - ~ 0,040 inches d
' [ *b I
P, Po.‘ 'J 'N l. poj /P I./I. <
ounin peia lbs/sec, lbs, sec,
395 215 0.00586 0.68 18,9 7.19 2.63 -
399 277 0,0073 0,91 121.6 9,26 2.68 -
397 261 0, 0096 1,16 118.8 11.6 2.62 -
398 398 0.0110 1.27 114.2 13.3 2,52 -
405 493 0,0141 1.85 114.5 16.7 2. 50 -

e
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Table X1 - continuved

Injectant - Ar Orifice Diameter, dJ - 0,0828% inches
]

P, Py v ry 1t Po,/Py 1,/1,* p°
psia psia 1bs/sec. 1bs. sec,

393 68,8 0,0028 0,37 147.1 2.22 2.84 0.498
392 74.7 0.0041 0.54 128.4 2.54 2,87 0,837
393 78.3 0,0042 0,53 119.4 2,58 2.67 0,648
389 84.8 0,0058 0,68 119.2 2,90 2.67 0,760
408 90,7 0,0089 0.76 133.8 3.03 4.75 0,769
391 101 0,0073 0.84 114.8 3.42 2,58 0,817
S98 120 0,0091 1.12 120.0 4,02 2,69 0,876
391 123 0, 0001 1.14 123.9 4,21 3.77 0,838
411 140 G.0101 1.32 137.1 4.63 2.84 0,836
a9 188 0.0119 1.48 121.8 5.3 2,73 0,862
400 167 0.0129 1,88 130.8 5.62 3.70 0.862
399 184 0.0144 1.82 128.9 6.13 2,82 0,882
402 186 0,0134 1,72 122,0 6,24 2,793 0,854
408 a 0.0162 2,01 124.35 7.46 2.79 0.821
407 228 0.0171 2,08 119.9 7.684 2.68 0.885
404 a8 2.0171 2.09 118.1 7.68 2,64 0,870
39 240 0,0189 2.28 121.0 8,22 2,71 0,862
399 485 0.0220 2.5 114.2 . 56 2.58 0,897
402 37 0.0255% 3.04 116.8 1-.9§ 2,66 0,907
404 347 0,0371 3.14 113.7 1.5 2,54 0,898
398 394 0.0303 3.42 112.1 13.3 2.8 0,870
400 409 0,0323 3.60 111.1 13,7 2.48 0. 889
404 582 0,0434 4.21 97.8 18.4 2.18 0,880
406 680 0,0344 5.31 98.0 22,2 2.19 0.898
401 a9s 0,0721 8.51 91.8 29.9 2.05 0,885
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Table II - continued

Injectant « '2 . Orifice Dismster, d, - 0,0825 inches

3

P, Py v Ty 1t N 1,/1,'® cp°
psia psin lbs/sec. 1bs, suc.

393 110 0. 0081 0.82 133.8 3.69 2.43 0.804
- 139 0, 0080 1.08 129,3 4.68 3.36 0,858
397 171 0.0102 1.38 129.8 5.73 2.36 0,883
J92 213 0,0127 1.70 130.1 7.18 2,37 0.878
397 288 0,0166 .16 128.4 8,84 -, 34 0.904
397 338 0,0200 2,46 ¢ 121.8 10.9 3.22 0,890
391 440 0,0274 3.38 121.8 14.4 3.22 0,902
3201 579 ¢, 0349 4.19 117.4 19,8 2,14 0,883
Jus 709 0,0435 4.95 114.0 23.8 2,08 0.877
- 933 0,0579 8.28 108.6 31.4 1.98 0,886
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Table II ~ continued

injectant - Ne Orifice Diameter, d.1 - 0.0825 inches
’, Pos v r, it P.s/P 1./1;" cp°
psia peia lbs/sec. 1bs. sec.
389 86.4 0.00173 0.53 297.4 2.93 2.13 0,748
388 8.2 0.00171 0.81 287.3 2.98 2.04 0,731
392 104 0.00224 0.66 283.5 3.51 2,01 0.812
462 120 0.00258 0.78 290.8 3.61 2.08 0.807
3¥9 140 0.00318 1.01 307.7 4.79 2.18 0.851
ase 159 0.00376 1.15 287.8 S.41 2.11 0,882
390 201 0.00472 1.41 «89.5 6.85 2.05 0.879
393 242 0.00593 1.77 292.3 8.16 2.07 0.910
390 301 0.00726 2,18 293.1 10.2 2.08 0.896
393 365 0. 0089 2,57 283.6 12.3 2.01 0.902
394 459 0.0110 3.03 272.8 15.0 1.93 0.879
409 656 0.0168 4.48 267.5 21.4 1.89 0.930
399 233 0.0224 5.97 265.6 31.9 1.88 0.875
- 30 -~
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Table Il - continued

Injectant ~ He + Ar Orifice Diameter, ‘3 = 0,08325 inches

?, Py, A ry 1 P,y/P 57 S A
pein puia 1be/mec, 1bs, sec,

aee 90 0,0033 0.63 188,32 3,02 2,20 0,800
a8 11d 0,0044 0.88 10,2 3.90 2,38 0,829
403 136 0,0083 1,07 192.2 4,8 .28 0,868
402 178 0,0072 1,38 187.0 8,96 2,22 0,808
404 218 0.0098 1.82 184,3 7.42 2.18 0,801
403 307 0,013¢ 2.80 183,3 10.2 2,17 0,943
403 432 0,018} 3.00 170.3 14.3 2,02 0, 885
402 853 0,0242 3,98 184,1 18,4 1.94 0, g2
401 709 0,0303 4.8 160,4 21,58 1.90 0,5

400 908 0.0094 6,18 187.9 30,2 1,87 0,819
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Table 1I - gontinued

Injectant - na Orifiow Diameter, dJ = 0,0025 inches
?, P v r, 1 2,7 1,1,%" ¢p°
puin psia 1ba/s0c, ibs, 800,
—— T
403 101 0,00170 0,02 478.6 2.0 3.34 0.809
3% 123 0,0023¢ 1,08 476.8 4,17 2,3 0,063
s 17¢ 0.00318 1,47 461,80 8,68 2.3¢ 0,088
413 238 0.0043 1.08 483.4 7.68 3.81 0,947
401 42 0,00082 2.67 411.8 11,8 2,01 0.998
omn 444 0,0083 3.48 419 14,9 3.08 0,078
398 509 00,0119 4.7 308.5 19.7 1.98 1.039
401 %7 0.0187 8,22 k], J 0.1 1.98 0.947
A, 1, reduced to T0°F by: 1, (RN, (83077, )12

b. Sew Eq. (7) for detinition ot 1.°,

* r )1/3

» (] 3
. ol (8 7 #§, where § - 1 -0,00778 (,BJ/,OJ) + 3009 (FOJ/ToJ ) is
o

¢ cn

a comprossibility correction (18) umed for €O, data T 1, for the other
ganes),

d, 0,0828 inch diameter orifice partially plugged with solder; exact diameter
unknown,

‘320




The Johas Meshing University
APPLIED PHYSISS LABORATORY
Wiver fgring, Marylond

Table I

Properties of the
Secondary Cas Inje

1

Injectants Used in
ction Studies

GAB

Ay

Yy

[ ]
I, (mec)

M

co
N
Ar
0.8 He + 0.3 Ar*
He

H

]

44,0}
28,02
30,91
11,18
4.00
3.02

1.30
1.40
1,67
1.67
1.67
1,40

45,3
84.9
4.7
84.4
141.2
204.8

® Mole fractions
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Fig. 6 APPROXIMATE PRESSURE RISE DUE TO INDUCED SHOCK WAVE
. (SUBSONIC ¢.702 INJECTTION DATA)
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